The effect of cold on nerve fibre populations may be quite selective. Thus it was possible in the present study, with precise timing of a non-freezing cold nerve injury, to destroy myelinated fibres, but leave unmyelinated fibres intact. The aetiology of this cold-induced selective peripheral nerve pathology remains controversial, but recent evidence suggests that ischaemia plays an important role. To investigate this matter further, we have sought to determine whether ischaemia alone might account for such discrete nerve pathology, in a series of non-freezing cold injury paradigms. Compared with
Introduction
It has long been recognized that non-freezing cold injury has a selective effect on nerve fibre populations (Douglas and Malcolm, 1955) . Morphological studies have shown that myelinated fibres are most vulnerable to cold injury, and that lower temperatures or longer periods of cold exposure are required to damage unmyelinated fibres (Lundberg, 1948; Douglas and Malcolm, 1955; Iggo and Walsh, 1960; Paintal, 1965b; Kennett and Gilliatt, 1991a, b) .
There has been broad (Lundberg, 1948; Paintal, 1965a; 1967) but not universal agreement (Sinclair and Hinshaw, 1951) with these morphological findings from neurophysiological studies. However, controversy has existed amongst neurophysiologists regarding the cold-induced vulnerability of myelinated fibres, with the largest myelinated fibres variously reported as most sensitive (Torrance and Whitteridge, 1948; Whitteridge, 1948; Widdicombe, 1954) or least sensitive (Dodt, 1953; Douglas and Malcolm, 1955) to cold block.
We have recently provided experimental evidence that nerve ischaemia is an important aetiological factor in cold injury (Jia and Pollock, 1997) . However, in other paradigms of cold nerve injury, ischaemia appears to have been of less relevance (Lewis and Moen, 1952; Sayen et al., 1960; Nukada et al., 1981; Kennett and Gilliatt, 1991a, b) .
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previous 'pure' ischaemic peripheral nerve models, notable differences were found in the present paradigms (early post-ischaemic luxury perfusion and severe nerve pathology), suggesting a multifactorial aetiology. Nonetheless a tight correlation was evident, with increasing duration of cold injury resulting in a progressively more severe reduction in post-cold nerve blood flow. Given these findings, we would propose that the pathological basis of non-freezing cold nerve injury is one of ischaemia, accelerated and enhanced by direct cold injury.
In the present investigations we have sought to determine whether ischaemia alone is sufficient to account for nerve fibre damage in non-freezing cold injury. A series of paradigms was developed to enable us to relate severity of peripheral nerve cold injury to nerve blood flow. In these experiments, myelinated and unmyelinated nerve fibre populations were assessed by neurophysiological and morphological techniques.
The postulate we wished to explore is that nerve cold injury is an 'ischaemia plus' syndrome.
Material and methods Animals
This study was approved by the Committee on Ethics in the Care and Use of Laboratory Animals, University of Otago, Dunedin, New Zealand. Male Wistar rats, weighing 300-350 g, were housed in plastic cages and water and purina chow were made available, ad libitum. Rats were randomly divided, with six animals assigned to each group. The right sciatic nerve was rapidly cooled to 3.5°C in all animals. The duration of cold exposure for each group, determined from pilot experiments, aimed to selectively affect A-or C-fibre populations. Durations of cold exposure were 60 min (Group I), 90 min (Group II), 130 min (Group III) and 150 min (Group IV). These animals were studied electrophysiologically.
Since it was not possible for technical reasons to undertake nerve blood flow (NBF) studies and electrical recordings simultaneously, NBF was monitored in an additional four groups. Duration of nerve cooling was again 60 min (Group Ib), 90 min (Group IIb), 130 min (Group IIIb) and 150 min (Group IVb).
Mean arterial blood pressure was measured in a further two groups in which the sciatic nerve was cooled for 130 min and 150 min.
Anaesthesia and immobilization
Anaesthesia was induced by an i.p. (intraperitoneal) injection of xylazine (10 mg/kg) and ketamine (90 mg/kg). Half this dosage was repeated every 20-30 min as necessary, during and following nerve cooling. The level of anaesthesia was considered to be adequate when pupils were narrow or slitlike, and when neither pupil dilated nor blood pressure changed in response to electrical stimulation at 'C-fibre' strength.
A ventral midline neck incision was made through skin and muscle. A 2-mm bore plastic tube was inserted, via a 'T'-shaped incision, into the trachea to a depth of 1-2 cm. Artificial ventilation was provided by a rodent respirator (Harvard Apparatus, Millis, Mass., USA).
Animals were immobilized with tubocurarine (2 mg/kg) i.p. which maintained muscle relaxation for 3-4 h. Thereafter, after rechecking the level of anaesthesia, additional doses of 0.5 mg/kg tubocurarine were administered i.p. when skeletal muscle responses reappeared.
Nerve exposure
Under anaesthesia, the right sciatic nerve was exposed in the mid-thigh region by a lateral incision and~20 mm of nerve mobilized, proximal to its division into posterior tibial and common peroneal branches. A cooling cuff was closely applied beneath the sciatic nerve, care being taken to avoid injuring epineurial vessels. The ipsilateral tibial nerve was then exposed at the ankle to record distal nerve potentials. In order to prevent spread of stimulus current and to preserve blood circulation within the vasa nervorum, this nerve was left in its connective tissue bed.
Nerve cooling and rewarming
Focal cooling of the sciatic nerve, at a mid-thigh level, was achieved by a water/ethylene glycol mixture, circulated through the cuff with an electric pump (Cole-Parmer Instrument Co., Chicago, Ill., USA).
The cuff was made of copper tubing, shaped into a hollow semicircle, and coated with epoxy resin. A distance of 12 mm separated water inlet and outlet tubes. Stimulating electrodes were mounted in the proximal end of the cuff, insulated from the copper tubing. Nerve temperature was monitored by a thermistor incorporated into the base of the cuff. A second thermistor rested lightly on the surface of the sciatic nerve, opposite the cuff. The cooled sciatic nerve segment was covered with moist cotton wool to produce a homogeneous temperature distribution. When the sciatic nerve was correctly positioned in the cooling cuff, the temperature difference between the two thermistors did not exceed 0.2°C. Nerve temperature could be changed within 30 s to 3.5 or 37.5°C, simply by altering the flow of circulating water. In all experiments an electric blanket, placed beneath the animal, maintained a rectal temperature of 37.5°C. Immediately following the period of nerve cooling, the sciatic nerve temperature was restored to 37.5°C.
Electrophysiological preparation
Paraffin oil (liquid paraffin BP) was infiltrated between nerve, cuff and underlying muscle and the sciatic nerve stimulated by platinum electrodes within the cooling cuff. Recordings were made through a pair of hooked platinum electrodes placed beneath the exposed ipsilateral tibial nerve. The distance between stimulating and recording electrodes was kept constant, at 50 mm. Both myelinated and unmyelinated fibre responses were stimulated supramaximally.
Electrical stimuli were delivered as square wave pulses from a Grass SD9 stimulator with a Grass SIU5 stimulus isolation unit (Grass Instrument Co., Quincy, Mass., USA). The A wave of the compound nerve action potential (CAP) was elicited with a 4-V pulse of 0.05 ms duration, the C wave component with a 30-V pulse of 0.2 ms duration. Action potentials were led through a Grass P18 pre-amplifier and displayed on a Macintosh monitor driven by a MacLab/ 4e (ADInstruments, Castle Hill, NSW 2154, Australia). After final placement of electrodes, A-and C-fibre CAPs were observed for 15-20 min, prior to nerve cooling, to ensure stable responses. In each sampling period, 10 wave forms were acquired and averaged using a MacLab/4e dataacquisition system. No attempt was made to differentiate Aα, Aβ and Aδ components of A-fibre CAPs.
In this peripheral nerve study, the temperature at which a CAP failed to be conducted through the cooled region was recorded as its blocking temperature. The blocking criterion during cooling for an A-fibre was taken as Ͻ1% of its initial amplitude value, and for a C-fibre Ͻ70% of initial value. After cold injury, however, an irreversible blocking criterion for A-fibres was defined as Ͻ10% of initial value.
A-and C-fibre CAPs were recorded before, during and after nerve cooling. Particular attention was paid to monitoring the C-fibre CAP where a selective blockade of A-fibres occurred. At the conclusion of each experiment the site of nerve cooling was marked with a 6.0 epineurial silk suture and the wound closed. Repeat electrophysiological studies, immediately prior to sacrifice, were undertaken after 1 and 2 days in animals subject to shorter periods of nerve cooling (60 or 90 min).
Animals from groups with longer periods of cold injury (130 and 150 min) were studied daily up to 6 days. After each operation, animals were administered analgesics for up to 72 h and wounds were carefully observed for evidence of infection.
Nerve blood flow
Sciatic NBF at the site of the hypothermic lesion was measured before, during and following cold induction, using a 0.5-mm diameter fibre optic probe, connected to a laser Doppler flowmeter (Model ALF-21, Advance Co., Japan). The probe, placed vertically on the epineurium, was held in position by a magnetic micromanipulator, seated on an iron plate to minimize vibration. The probe both delivered incident laser illumination and collected reflected light from the same site. The laser Doppler flowmeter was connected to a MacLab/ 4e computer. For each sampling period, NBF recordings were continuously acquired, averaged and stored on a computer. Care was taken in placing the probe to avoid epineurial microvessels, ensuring that flow measurements represented integrated capillary flow within the fascicle rather than surface epineurial flow. A clear ultrasonic transmission gel (Eko Gel, 39044 Egna Italy) was used as an interface between the nerve and probe to eliminate light scatter.
Prior to nerve cooling, a 10-min stable baseline of NBF was first established. NBF measurements were continuously monitored during the cooling period and for the ensuing hours following nerve rewarming. NBF data was collected for a duration of 1 min and further measurements collected at 10-min intervals. Values for the same time points were averaged in each group and NBF measurements expressed as a percentage change from baseline values.
When re-examining NBF prior to sacrifice, the previously cooled segment of sciatic nerve, identified by suture markers, was carefully re-positioned on the cuff. No water was circulated through the cuff. The laser Doppler probe was placed over the centre of the cooled nerve, and NBF recorded for 1 h, daily.
Control NBF measurements were obtained from the contralateral sciatic nerve with water circulating through the cuff at 37°C.
Mean arterial pressure
Since NBF may be influenced by changes in mean arterial blood pressure, this was monitored under experimental nerve cooling conditions in 12 animals. The left common carotid artery was exposed and ligated rostrally. A polyethylene catheter filled with saline-sodium heparin (50 IU/ml), was then introduced into the proximal carotid artery and connected to a pressure transducer (Statham P23 AC, Hato Rey, Puerto Rico) kept at heart level. Mean arterial blood pressure was continuously monitored using a chart recorder (Ink Writing Oscillograph, Model 79 Wu 8P40, Grass Instrument Co., Quincy, Mass., USA). Following mean arterial blood pressure measurements, these animals were immediately killed by overdose of pentobarbital sodium.
Morphology
Most control and cooled sciatic nerves were fixed in situ for 30 min with 4% glutaraldehyde in 0.025 M cacodylate buffer (pH 7.4). In a minority of experiments, sciatic nerves were fixed by perfusing with 150 ml of Karnovsky's fixative (2% paraformaldehyde and 2.5% glutaraldehyde in 0.025 M cacodylate buffer at pH 7.4) through the abdominal aorta.
Cooled sciatic nerve segments, together with proximal and distal nerve segments, were then fixed in 2% glutaraldehyde overnight, at room temperature. Nerve segments were subsequently washed in 0.025 M cacodylate buffer for 30 min, post-fixed in 1% osmium tetroxide in 0.025 M cacodylate buffer for 2 h, dehydrated in ethanol for 50 min, immersed in propylene oxide for 20 min and embedded in Epon 812. Transverse and longitudinal semithin sections were cut, using an ultracut microtome (Reichert-Jung Ultracut, Austria) and stained with methylene blue or phenylenediamine for light microscopy. Thin sections, cut with a diamond knife, were stained with uranyl acetate followed by lead citrate, and examined in a Philip's 410 electron microscope. In each animal, the contralateral sciatic nerve was used as a morphological control. At a predetermined time, remaining animals were killed by administration of an overdose of pentobarbital sodium after final electrophysiological or NBF recordings.
Statistical analysis
All statistical calculations were carried out on an Apple Macintosh Computer using the Statview program. NBF and electrophysiological recordings were analysed using a paired Student's t test for comparison with baseline. Values were expressed as mean Ϯ standard deviation with significance assumed for P Ͻ 0.05.
Results

Neurophysiology of myelinated nerve fibres Group I (60-min cooling)
With the onset of nerve cooling, the A-fibre CAP amplitude immediately began to decrease and reached 1% of its initial value at 30 min ( Fig. 1) . After 60 min of cooling, the sciatic nerve was rewarmed to 37°C for 1h. During this post-cooling period, the A-fibre CAP amplitude recovered to reach 50% of its pre-cooling value at 30 min, and 96% of its precooling value at 60 min ( Fig. 1) . Over the following 6-48 h, the Afibre CAP amplitude remained close to its baseline value (Fig. 1) .
Group II (90-min cooling)
While the initial decay and loss of the A-fibre response with nerve cooling occurred at a similar rate to animals in Group Fig. 1 The effects of cooling sciatic nerve (3.5°C for 60 min), on amplitude of A-and C-fibre CAPs, respectively. Values are means of animal groups and presented as percentage of pre-cooling value. The A-fibre CAP amplitude recovered to 96% of precooling value on Day 2.
Fig. 2
Sciatic nerve cooled to 3.5°C for 90 min. Note that the Afibre CAP amplitude recovered to 62% of pre-cooling value on Day 2. The C-fibre CAP amplitude was maintained above 90% of its pre-cooling value.
I, the recovery of the A-fibre CAP amplitude with nerve rewarming was slow and incomplete (16% at 30 min, 28% at 60 min, 39% at 2 h, 58% at 3 h, and 62% at day 2; see 
Group III (130-min cooling)
The A-fibre CAP amplitude, abolished after 30 min of cold injury (Figs 3 and 5), began to recover 2 h after nerve rewarming to reach~5% of its precooling value at 6 h (Figs 3 and 6). A further small recovery of the A-fibre CAP amplitude was observed on days 1 and 2 (8%), but thereafter the response became unrecordable (Figs 3 and 6 ).
Group IV (150-min cooling)
After this longer period of cold injury, a just-detectable Afibre CAP was observed 6h after nerve rewarming (Fig. 4) . Fig. 3 Sciatic nerve cooled to 3.5°C for 130 min. The A-fibre CAP amplitude recovered to 8% of pre-cooling value on Day 2, but thereafter became unrecordable. The C-fibre CAP amplitude was maintained at 85% of its pre-cooling value up to Day 6.
Fig. 4
After cooling sciatic nerve to 3.5°C for 150 min, the Afibre CAP amplitude recovered to 4% of pre-cooling value on Day 3 and then became unrecordable. The C-fibre CAP amplitude was maintained at~70% of pre-cooling value 6 days after cold injury.
In the ensuing 3 days it increased to~4% of precooling values but thereafter became unresponsive (Fig. 4) .
When the final A-fibre CAP amplitude was compared with precooling recordings (Zimmermann, 1968) , mean ratios (Ϯ SD) were 0.95 Ϯ 0.07 (Group I) and 0.62 Ϯ 0.05 (Group II, P Ͻ 0.01) at day 2. For longer duration of cooling, mean ratios were 0.08 Ϯ 0.004 (Group III, P Ͻ 0.01) and 0.03 Ϯ 0.002 (Group IV, P Ͻ 0.01) at day 1, 0.09 Ϯ 0.006 (Group III, P Ͻ 0.01) and 0.03 Ϯ 0.003 (Group IV, P Ͻ 0.01) at day 2.
Neurophysiology of unmyelinated fibres Group I
Nerve cooling induced immediate fluctuations (95-105%) of the C-fibre CAP amplitude. Once the sciatic nerve temperature returned to 37°C, the C-fibre CAP amplitude increased to 110%, but after 30 min of rewarming it returned to precooling values (Fig. 1) . 
Group II
The C-fibre CAP amplitude again varied during nerve cooling between 80-105% of precooling values. Thereafter it was sustained at~90% of its baseline value up to 2 days after cooling (Fig. 2) .
Group III
The C-fibre CAP amplitude fell during nerve cooling to 76% of its pre-cooling value at 130 min (Figs 3 and 5) . It gradually increased in the 6h following cooling to 85% of baseline, a recovery which was sustained up to 6 days (Figs 3 and 6) .
Group IV
The C-fibre CAP amplitude fell irregularly with nerve cooling to reach a nadir of 66% of baseline (Fig. 4) . Post-cooling, it rose to 75% at 3 days, and thereafter fell to 69% 6 days after cold injury (Fig. 4) .
When the final C-fibre CAP amplitudes were compared with precooling observations (Zimmermann, 1968) , the mean ratios (Ϯ SD) were 0.99 Ϯ 0.08 for Group I, 0.89 Ϯ 0.03 for Group II, 0.86 Ϯ 0.06 for Group III and 0.69 Ϯ 0.05 for Group IV. Only the Group IV mean ratio was significantly different from precooling values (P Ͻ 0.01). 
NBF measurement
In all groups, the mean NBF in cooled sciatic nerve fell precipitously to 40% of baseline over 10 min. It then slowly and progressively declined further to reach a nadir of 28-35% of baseline at the completion of cooling. Following cold exposure, an incremental final reduction in NBF was seen with increasing duration of cold (Fig. 7) .
Group Ib (60-min cooling)
After 1 h of nerve rewarming (37°C) the mean NBF rose to 90% of baseline. It further increased to 128% of baseline at 1.5 h. Thereafter the mean NBF fell progressively to 116% at 2 h, 102% at 2.5 h and 90% at 3 h (Fig. 7) . When cooled sciatic nerves were re-examined 1 and 2 days after cooling, the mean NBF remained at 85-88% of baseline values.
Group IIb (90-min cooling)
After nerve rewarming, the mean NBF reached 68% of baseline at 1 h, 108% at 1.5 h, 105% at 2 h, 99% at 2.5 h, 70% at 3 h and 75% at 2 days (Fig. 7) .
Group IIIb (130-min cooling)
With nerve rewarming, the mean NBF gradually rose from 48% to 57% of baseline at 3 h (Fig. 7) . When cooled sciatic nerves were re-examined 1 and 2 days after nerve cooling, the mean NBF remained depressed at 56-60% of baseline values.
Group IVb (150-min cooling)
Following nerve rewarming, the mean NBF rose from 32% to 48% of baseline at day 2 (Fig. 7) .
During these experiments, NBF measurements in contralateral nerves were not significantly altered. Similarly, mean systemic arterial blood pressure varied by Ͻ10%.
Morphology
Group I
Myelinated and unmyelinated fibres were well preserved with only an occasional myelinated fibre exhibiting a swollen axon. There was prominent endoneurial and perivascular oedema.
Group II
Many myelinated fibres showed advanced degeneration in the form of giant empty axons or shrunken dark axons (Fig. 8A ). Intramyelinic oedema with disruption of myelin was prominent. Unmyelinated fibres were well preserved.
Group III
Light microscopic examination revealed extensive myelinated fibre degeneration in the form of swollen, empty axons, flattened myelin profiles and solitary axons with dense axoplasm 2 days after cold injury (Fig. 8B) . Endoneurial oedema, prominent on day 2, was more severe on day 5. Electron microscopic examination showed good preservation of unmyelinated fibres, 6 days after cold injury (Fig. 9A) .
Group IV
Scattered unmyelinated fibre degeneration (Fig. 9B ) was evident in an oedematous 'sea' of degenerating myelinated fibres. Many endoneurial blood vessels exhibited swollen endothelial cells.
Discussion
The susceptibility of large myelinated fibres to non-freezing cold injury, demonstrated in this experimental study, has been previously documented in trench foot and in other human neuropathies due to cold (Friedman, 1945; Peyronnard et al., 1978) . Although often given impetus by the exigencies of war, the pathogenesis and treatment of nerve cold injury remain controversial.
In this study by precisely timing a non-freezing cold nerve injury, it was possible to abolish large fibre potentials permanently, leaving unmyelinated fibre potentials preserved. Under the present experimental conditions, this could be consistently achieved by cooling sciatic nerve to 3.5°C for 130 min. Shorter periods of cooling resulted in a reversible block of A-fibre CAPs, while longer durations of nerve cooling reduced C-fibre CAPs. Morphological assessment of sciatic nerves cooled for 130 min confirmed these physiological findings, with most unmyelinated fibres preserved and a global destruction of myelinated fibres.
Neurophysiological factors which might account for the resistance of unmyelinated fibres to cold injury are as follows. (i) The small spectrum of fibre sizes that make up the unmyelinated fibre population. Although there is a wide spectrum of velocities among the non-myelinated fibre population, the majority of non-myelinated axons have conduction velocities within a few tenths of 1 m/s (Gasser, 1950) . As a consequence, their rate of slowing upon cooling will be more uniform than that of myelinated fibres which have a much broader spectrum of fibre size. Non-myelinated potentials may thus be still attainable when those previously arising from myelinated fibre groups have disappeared. This is in accordance with the general notion that C-fibres are more resistant to noxious influences (Sunderland, 1978; Klumpp and Zimmermann, 1980; Xu and Pollock, 1994) .
(ii) Of relevance is the finding that CAPs of non-myelinated fibres become much larger in cooled nerve, as in this study, whereas those of myelinated axons become smaller (Lundberg, 1948; Ritchie and Straub, 1956) .
Because of potential research value, a variety of methods have been developed to preserve myelinated or unmyelinated nerve fibre populations selectively. They include electrical polarization (Sassen and Zimmermann, 1973; Fukushima et al., 1975) , local pressure and/or ischaemia (Gasser and Erlanger, 1929; Clark et al., 1935) , local anaesthesia (Gasser and Erlanger, 1929; Nathan and Sears, 1961; Heavner and de Jong, 1974) , hyper-or hypotonic solutions (Nathan and Sears, 1962; Jewett and King, 1971; King et al., 1972) and phenol (Iggo and Walsh, 1960; Nathan and Sears, 1960; Wood, 1978) . In most of these paradigms, A-fibre potentials have been preferentially blocked. The exceptions are those of local anaesthesia and phenol where unmyelinated fibre potentials are preferentially affected. Unfortunately, in these models, the blockade of a particular fibre population is reversible and may persist for only a few seconds. The isolated destruction of myelinated nerve fibres following precisely timed cold injury would thus appear to have clear advantages for those wishing to study the unmyelinated fibre population in 'pure culture'.
There is an interesting paradox between the extreme sensitivity to ischaemia of motor cells within the central nervous system and the ischaemic resistance of their peripheral processes (Forbes and Ray, 1923; Heinbecker, 1929; Lewis et al., 1931; Gerard, 1932; Thompson and Kimball, 1936; Lehmann, 1937; Kugelberg, 1944; Weddell and Sinclair, 1947; Magladery et al., 1950a, b; Fox and Kenmore, 1967) . While central nervous system neurons become damaged within 2 min of ischaemia, their peripheral extensions survived 2 h of ischaemia or anoxia, with only transient or reversible alterations (Fox and Kenmore, 1967) . Thus tibial nerve action potentials, monitored 3 h after severe nerve ischaemia, are consistently found to be present (Zollman et al., 1991) .
Although experimental occlusion of the vasa nervorum with arachidonic acid results in a rapid conduction block for up to 4 h (Parry and Linn, 1986) , electrical abnormalities are completely reversible, and have no discernible underlying morphological basis.
It is noteworthy that ischaemic nerve failure is fastest for small myelinated fibres (Fern and Harrison, 1994a, b) and that sensory fibres are more prone than motor fibres to postischaemic ectopic discharge (Bostock et al., 1994) . These findings may explain the prominence of sensory symptoms compared with motor dysfunction in peripheral nerve entrapment syndromes, where ischaemia has been implicated (Gilliatt and Thomas, 1960; Morris and Peters, 1976; Lundborg et al., 1982; Gelberman et al., 1983; Powell and Myers, 1986) . Experimental studies have shown that fast axoplasmic transport in peripheral axons may be blocked by as little as 10-20 min of anoxia, produced by a variety of methods (Ochs and Hollingsworth, 1971) .
By contrast, it has proved difficult in experimental animals to produce morphological change in ischaemic peripheral nerve over short time frames (Chalk and Dyck, 1993) . It was only after 5-7 h in a feline model of severe nerve ischaemia that mild degenerative changes were noted (Korthals et al., 1985) . Even electron microscopy has indicated that Ͻ5% of rat sciatic nerve fibres are damaged following 2 h of peripheral nerve ischaemia (Makitie and Teravainen, 1977) . More recent work suggests that while 3 h of severe nerve ischaemia is insufficient to produce axonal degeneration in rat sciatic nerve, focal segmental demyelination may result during reperfusion (Nukada and McMorran, 1994) .
Against this body of evidence, the finding, in the present investigation, that short duration non-freezing cold injury (90 min) results in persistent conduction impairment and extensive myelinated nerve fibre degeneration strongly suggests an 'ischaemia plus' syndrome.
Cold has diverse effects on the peripheral nervous system, some of which may enhance cold-induced ischaemic injury.
A consideration is the transition zone between peripheral nerve at 37°C and the cooled nerve segment. In this transitional zone, many nodes will have different absolute refractory periods (Paintal, 1965b) . Conduction at low temperature will eventually fail when the reduced action currents become insufficient to surmount the increased threshold of adjacent nodes (Tasaki and Fujita, 1948; Tasaki, 1949) .
Sodium channels are sparsely distributed in C-fibres, but their density in nodal membrane is extremely high. It is possible that cold might have an injurious effect on nodal membrane, disrupting sodium channels and thus preferentially blocking conduction in myelinated fibres (Paintal, 1965b; Franz and Iggo, 1968) .
Some sensitive enzymes, involved in active transport and concentrated in A-fibres near nodes of Ranvier, may be denatured by cold. By contrast, these enzymes may remain active in unmyelinated fibres where they are distributed homogenously (Basbaum, 1973) .
A notable finding in this peripheral nerve investigation was of post-ischaemic luxury perfusion. This occurred soon after recovery from mild cold injury (Fig. 7) . Lassen (1966) introduced the term 'luxury-perfusion' to characterize situations where a period of vascular impairment or arrest is followed by an over-abundant blood flow, relative to metabolic needs. Lassen cited evidence of abnormal tissue oxygenation during luxury perfusion and predicted that all tissues would probably show this inappropriate hyperaemia. Indeed, post-ischaemic hyperaemia has been found to be easily and rapidly provoked in myocardium (Marcus et al., 1981; Moskowitz et al., 1989; Helfaer et al., 1991; Ichord et al., 1991; Tung et al., 1993) , skeletal muscle (Klabunde and Johnson, 1977) , skin (Haggendal et al., 1970) , gut (Hottenstein et al., 1992) , kidney (Aizawa and Honda, 1977) and brain (Flamm et al., 1978; Steen et al., 1978; Pulsinelli et al., 1982; Kagstrom et al., 1983) , but seemingly not in peripheral nerve (Day et al., 1989) .
The exception of peripheral nerve may relate to it being metabolically unique. Nerve has a very low metabolic rate and an ability to function relatively well on anaerobic metabolism (Kihara et al., 1996) . A prolonged cessation or reduction of NBF may therefore be necessary to bring out a luxury perfusion state. This would seem to be the case. Work in our peripheral nerve laboratory has shown that after 5 h of ischaemia, rat sciatic nerve exhibits profound and prolonged hyperaemia (Nukada et al., 1996) . The magnitude of nerve hyperaemia is greatest following mild ischaemia, and is not seen in the same paradigm following severe ischaemia. It is therefore of considerable interest that in the current experiments, only 1 h of cold injury was sufficient to induce hyperaemia. This short latency raises the strong possibility that non-freezing cold nerve injury is an ischaemia plus syndrome.
The mechanisms responsible for post-ischaemic hyperaemia are the subject of considerable controversy . Reflex-like axon mechanisms have been emphasized based on the observation that chronic denervation, or neonatal capsaicin treatment to deplete unmyelinated C-fibres, decreases post-occlusive vasodilatation in the rat hind paw by 60% (Lewis and Marvin, 1927; Lembeck and Donnerer, 1981) . Supporting this concept is the report that cortical hyperaemia is mediated by trigeminal neurogenic mechanisms (Moskowitz et al., 1989) and that peptidergic nerves mediate post-nerve-stimulation hyperaemia in rat gut (Hottenstein et al., 1992) .
Calcitonin gene related peptide (CGRP), a potent vasodilator, is present in nerve terminals of the epineurial plexus (Dahlin et al., 1989; Zochodne and Ho, 1991) . When a selective CGRP antagonist is topically applied to crushed rat sciatic nerve, hydrogen clearance studies suggest that post-injury hyperaemia is dependent on CGRP release (Zochodne and Ho, 1992) . Although CGRP is a more potent vasodilator of vasa nervorum, it would be of considerable interest to study, in a similar way, the actions of substance P which coexists and is co-released in many afferent fibres. Post-occlusive cutaneous vasodilatation would seem to be caused mainly by substance P, perhaps boosted by histamine release (Lembeck and Donnerer, 1981) .
Nitric oxide, a major component of endothelium-derived relaxing factor, and a potent vasodilator is another contender. While nitric oxide contributes to functional hyperaemia in the heart (Maekawa et al., 1994) and cerebellum (Iadecola et al., 1995) , it does not play a dominant role in the reactive hyperaemia of human forearm vessels (Tagawa et al., 1994) or in skeletal muscle (King-Vanvlack et al., 1995) . Experimental work on the role of free oxygen radicals also suggests they inhibit rather than cause post-ischaemic hyperaemia (Tasdemiroglu et al., 1994) .
While local metabolic factors such as increased K ϩ and H ϩ need to be kept in mind, present evidence favours a local peptidergic afferent fibre response as the principal cause of post-ischaemic hyperaemia in peripheral nerve.
It is of interest that limbs which have been cold-immersed for 16 h are associated during re-warming with an increase in oxygenated and total haemoglobin, maximal after 1 h, consistent with reactive hyperaemia (Irwin, 1996) .
We have shown that early on during nerve hypothermia, there is marked erythrocyte aggregation within the vasa nervorum, compounded by a constriction of arterioles and metarterioles (Jia and Pollock, 1997) . Such cellular aggregations are likely to block the entrance to nerve capillaries and to lead to endothelial hypoxia. The demonstration of swollen endothelial cells, adjacent platelet aggregations and a sustained reduction in NBF after cold injury favours such a concept (Jia and Pollock, 1997) . In the present experiments there is a close parallelism between the duration of cold and the reduction of post-injury NBF (Fig. 7) .
On the basis of this evidence, we would suggest that the short lived, attenuated period of hyperaemia following mild cold injury is a result of cold-induced pathological changes within the microvasculature of cooled nerve.
An interesting late finding in this investigation was of the total loss of A-fibre CAPs following a small amplitude recovery, 2-3 days after severe non-freezing cold injury. It is likely that this late loss of large fibre potentials is also attributable to delayed cold-induced angiopathic change within the vasa nervorum.
Clinically, cerebral hyperaemia has often been considered to be an indicator of a poor prognosis (Fieschi et al., 1974; Tweed, 1974, 1976; Obrist et al., 1984; Sakas et al., 1995) . Of concern is the possibility that post-ischaemic hyperaemia might generate reduced oxygen species which, reacting with lipid membranes, would lead to lipid peroxidation and amplify the effects of ischaemia during reperfusion (Churn et al., 1990; Yamashita et al., 1991) . However, in this experiment, when peripheral nerve exhibited its most marked hyperaemia, there was no associated peripheral nerve pathology. Likewise, in earlier peripheral nerve experiments, 48 h of post-ischaemic nerve hyperaemia resulted in a paucity of axonal abnormality (Nukada et al., 1996) .
Recent work on focal head injury in humans suggests that focal cerebral hyperaemia occurs only in normal brain tissue and is associated with a lower mortality (Sakas et al., 1995) . Our data would suggest that in peripheral nerve, postischaemic hyperaemia is a benign phenomenon, associated with a favourable outcome.
In conclusion, present evidence suggests that the pathological basis of non-freezing cold nerve injury is multifactorial. Post-cold nerve ischaemia and reperfusion injury would seem insufficient per se to account for the severe, early nerve pathology and this raises the possibility of an additional lesion arising from direct cold injury.
